In this paper we present an analysis of the Tethered Satellite/Wing System in free molecular flow (at altitude of 142 km) in planar motion subject to impulse movements. The analysis indicates that a wing system could provide stable flight over a wide range of conditions. Nomenclature A = Shuttle Orbiter altitude, 230 km C = aerodynamic damping derivative 
Nomenclature
shows a top view of the Tethered Satellite Wing System (TS/WS) as modeled in this study. The goal of this project was to find feasible and optimal values for wing area, boom length, and wing inclination to assure stable flight and acceptable peak "overshoot."
The model derived here is based on square flat plate wings. The TS/WS center of mass CM is located on the centerline of the boom, and the tether connection passes through the CM. The wing and boom dimensions are constrained by the practical fact that the system must "fit" within the Space Shuttle cargo bay. It is further assumed that the wings will remain in a fixed position, that the TS/WS is a symmetric body, and that the aluminum wing structure incorporates a protective coating to protect it from the hostile upper atmosphere and hypersonic velocities. This initial analysis is limited to planar motion.
II. Background
Although little work has been directed toward the problem of wing configuration optimization for the TSS, much related work has been done in the areas of system modeling, aerodynamics, and dynamics.
The conceptual design and mission requirements of the tethered satellite spherical model have already been posed. The TSS will be lowered to an altitude of 130 km where it will conduct its studies. Upon completion it will be further lowered until the tether breaks due to heating or is severed from the Shuttle. 4 ' 8 The satellite characteristics (the spherical portion) include a mass of 500 kg arid a diameter of 1.25 m.
1>9
The TSS satellite will fly in a very low pressure atmosphere where the Knudsen number is roughly 1-30 depending on the altitude. Since the TS/WS will fly in tandem with the Space Shuttle Orbiter at a speed of roughly 7400 m/s, the vehicle will travel at "hypersonic" velocities iri a rarefied gas. In this range of Knudsen number, there are two regimes of flight that must be considered: transition flow (~ 100-140 km) and free molecular flow (>140 km). This paper will examine flight in free molecular flow. NASA has studied the aerodynamic effects on the spherical part of the satellite and the connecting tether, including drag and aerodynamic heating 1 ; also studied were conceptual models of a TSS wing system with a 45-deg half-angle cone frustrum attached to a 1-m-diam spherical satellite. 3 In this article we examine a passive flat plate wing system. Aerodynamic models of the lift, drag, moment, and other coefficients for a flat plate in free molecular flow have been developed by Hayes The motion of a rigid body in a plane about a fixed point can be given by the following equation:
(2) C/ = -(V?r/5 r ) sin o: cos a.
C mq = [ -S^K -\2dl^ -(4S)S r sin a -24S r dj sin a -48S r d% sin a + 24S r d 3 d 4 cos ot]/[(l2S)S r ]
where d$ and d 4 are defined in Fig. 1 , and
GM (6) For the specified environment, S r -17.74 and v = 7376 m/s. Diffuse reflection with full surface accommodation was employed in the analysis, consistent with typical spacecraft surfaces.
Results for C/, Cj 9 C mq , and C m for one of the wings of the TS/WS as a function of a. are shown in Fig. 2 . linearized equations (3) and (4), we get a differential equation in the form of 
and where C, K, and 7 are dependent on the wing area S, the boom length d 6 , and the wing inclination a 0 . Due to the Rarefied environment, the resulting value of C is much smaller than #. ? The solution of the differential equation is
The maximum overshoot a(^) of the system can be found by taking the derivative of the equation of motion and setting it equal to zero. Solving for t m yields 
m A parametric study showed that a stays within the ± 2 deg limits imposed by gl and g2 for all feasible values of S 9 d 6 , and oiQ. Hence gl and g2 can be left out of the computation. Similarly, g9 and g 10 (illustrated in Fig. 1 ) are never violated, so they can also be removed from the computation. From Fig.  2 one can see that the slope of the moment coefficient is negative, hence g 1 1 is also never violated. Obviously it would be prudent to test any "optimal" design to be sure that g 1, g2, #9, £10, and g 11 are satisfied. IV. Model Solution A parametric study indicated that the solution occurs at the maximum value for d 6 . Accordingly, the boom length was fixed at 6 m, and values for S and a 0 that would provide the minimum "maximum peak overshoot" were determined. A parametric study of the objective function shows the optimal solution to occur at 5 = 5.3 m 2 , a 0 = 0 rad, and d 6 = 6 m. Numerical values of the optimal solutions for different values of the impulse magnitude factor 0 are presented in Table 1 . The results show that stable flight should occur for an impulse magnitude factor less than 7.6.
V. Conclusion
These results indicate that an appropriately configured passive wing system could provide stable flight for a TS/WS in free molecular flow subject to impulse moments. As a result, sensing probes on the satellite could accurately measure and study the Earth's upper atmosphere. The next step will be to investigate the behavior of the system under different loading conditions and transitional flow and in three-dimensional motion.
